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We investigate the vibrational properties of Pt- and Pd-phthalocyanine (PtPc and PdPc)
molecules on Ag(111) with high resolution electron energy loss spectroscopy (HREELS). In the
monolayer regime, both molecules exhibit long range order. The vibrational spectra prove a flat
adsorption geometry. The red shift of vibrational modes and the presence of asymmetric vibrational
peaks suggest a moderate interaction of the molecules with the substrate, accompanied by a static
charge transfer from the metal to the molecules. The appearance of a particular vibrational mode,
which (i) belongs to the B1g representation of the original fourfold D4h molecular symmetry group
and which (ii) exhibits interfacial dynamical charge transfer (IDCT), proves that a preferential
charge transfer from the Ag surface into one of the originally doubly degenerate lowest unoccupied
molecular orbitals (LUMOs) of Eg symmetry takes place, i.e. the electronic degeneracy is lifted
and the molecule-surface complex acquires the twofold symmetry group C2v. The vibration-based
analysis of orbital degeneracies, as carried out here for PtPc/Ag(111) and PdPc/Ag(111), is not
restricted to these cases. It is particularly useful whenever the presence of multiple molecular in-
plane orientations at the interface makes the analysis of orbital degeneracies with angle-resolved
photoemission spectroscopy difficult.
I. INTRODUCTION
Organic molecules with pi-conjugated electron systems
have been intensively studied in recent years. Apart from
a fundamental interest in their electronic properties, this
activity is motivated by the wide range of possible appli-
cations in the fields of optoelectronics1,2 and spintronics3.
Among these molecules, metal-phthalocyanines (MPc),
i.e. tetrabenzoporphyrazine macrocycles with a metal
atom in their center, play an important role, because
of their planar geometry, their thermal stability, their
suitability for organic molecular beam epitaxy, and their
chemical versatility that its brought about by very di-
verse central metal atoms4. In fact, MPc molecules have
been employed in organic light emitting diodes5, field ef-
fect transistors6,7 and solar cells8.
The interaction of MPc with metal surfaces is interest-
ing both from a fundamental point of view, in particular
regarding the balance between the contributions of the
central metal atom and the pi-electron system, and for
applications, in which such interfaces are the primary
functional elements. For MPc with almost filled d-shells,
the molecule-substrate interaction is dominated by the
chemisorptive or physisorptive interaction of the macro-
cycle with the metal surface4. If there is a chemisorp-
tive contribution to this bond, this often leads to charge
transfer from the metal into the lowest unoccupied molec-
ular orbital (LUMO) of the molecule4. This is also true
in the case of PtPc and PdPc on Ag(111), as we show in
this paper.
An interesting issue in relation to the molecule-
substrate interaction in general and the charge transfer in
particular is the symmetry of adsorbed MPc molecules.
Except for a few cases, e.g., SnPc9, the central metal
fits into the inner cavity and the corresponding isolated
MPc belongs to the D4h symmetry group
4. Because of
the presence of the surface, the symmetry of the molecule
is lowered to C4v. However, a further molecular symme-
try reduction to a twofold symmetry is often observed in
scanning tunneling microscopy (STM)9–14.
The symmetry reduction of MPc molecules from four-
fold to twofold symmetry raises an intriguing question
regarding the charge transfer into the molecule. The
LUMO of isolated MPc is twofold degenerate and be-
longs to the irreducible representation Eg of the D4h
symmetry group. This degeneracy is closely related to
cross-conjugation in the central porphyrazine macrocycle
of phthalocyanine molecules4,15. When charge is trans-
ferred into the LUMO, two situations are conceivable:
either both orbitals remain degenerate and receive the
same amount of charge, or the degeneracy is lifted and
charge is transferred preferentially into one of the two.
Degeneracy lifting has been invoked in certain cases to
explain the symmetry reduction of MPc molecules11,14,16,
while in other cases equal filling of both Eg orbitals was
conjectured17, or the symmetry reduction was assigned
to structural effects10,13,18.
At first glance, STM seems to be the method of choice
for symmetry analysis of molecular adsorbates, because
any symmetry breaking should become immediately ob-
vious in the image. However, in STM purely electronic
as well as purely geometric effects can both lead to a
symmetry reduction in the image, and there are only a
few cases in which the origin of the broken symmetry can
be determined on basis of STM alone (e.g. Ref. 16). Of
course, in most cases geometric and electronic effects will
be coupled to each other, because a geometric distortion
of the molecule by the influence of the external environ-
ment will also break the electronic symmetry within the
molecule, and vice versa an electronic symmetry reduc-
tion will generally lead to a structural distortion (Jahn-
Teller effect16,19,20). Yet, it is still an important question
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2to ask which is the dominant of the two effects. For exam-
ple, a strong geometric distortion may lead to a negligible
symmetry break of electronic states.
For this reason, additional experimental methods have
been employed to settle the issue of a possible lifting of
the degeneracy. These include core level spectroscopy14,
near-edge x-ray absorption spectroscopy (NEXAFS)21,
or density functional theory (DFT)14. Recently, also
photoemission tomography22,23 has been applied to this
problem: In the case of FePc/Ag(111) no splitting of
the LUMO was found17, while for CuPc/Ag(110) a clear
splitting was observed24. Photoemission tomography has
the unique advantage that if a degeneracy lifting takes
place, the actual orientation of the filled orbital can be
determined24. However, this orientational sensitivity can
also be a drawback, if many molecules with many dif-
ferent orientations are present at the surface. In this
case, photoemission tomography results become difficult
to analyze17.
Here we present an approach that does not suffer from
the presence of multiple orientations, because only the
internal symmetry of the molecule-surface complex mat-
ters. Yet at the same time, if applicable, it leads to un-
ambiguous results regarding electronic symmetry break-
ing, i.e. degeneracy lifting. This approach is based on
vibrational spectroscopy. Specifically, we employ high
resolution electron energy loss spectroscopy (HREELS)
which in its dipole scattering mechanism is sensitive to
infrared (IR) active vibrational modes25. Due to the sur-
face selection rule, only totally symmetric modes of the
molecule-surface complex are IR active25. Any reduction
of the molecular symmetry group upon adsorption may
imply that formerly inactive modes can become IR active.
Because, as mentioned above, the symmetry reduction
can be effected both by geometric and electronic effects,
also the corresponding IR activation can have these two
distinct origins. However, if additionally the line shape
of an activated mode is taken into account, it is (under
favorable conditions) possible to unambiguously link the
activation of certain vibrational modes to an electronic
symmetry breaking. More specifically, we argue here that
if a mode that indicates a particular symmetry reduction
has a Fano line shape, this proves an electronic contribu-
tion (i.e. degeneracy lifting) to this symmetry reduction,
because the Fano line shape indicates an interfacial dy-
namical charge transfer (IDCT), and for an IDCT to be
observable in a MPc molecule, there must exist an im-
balance in the occupation of the two Eg LUMOs. Hence,
their degeneracy must be broken.
II. EXPERIMENTAL DETAILS
The experiments were performed in an ultra-high vac-
uum (UHV) system consisting of a preparation and
an analysis chamber equipped with low electron energy
diffraction (LEED) and HREELS. The pressures in the
chambers were 4 × 10−9 and 4 × 10−10 mbar, respec-
tively. The Ag(111) crystal surface was prepared by Ar+
sputtering at 1 keV followed by annealing to 730 K un-
til a sharp LEED pattern was observed. Thin films of
PdPc and PtPc were prepared in UHV by depositing
the molecules, evaporated from a home-made Knudsen
cell, on the crystal kept at room temperature. The sub-
limation temperatures were 770 K and 670 K for PdPc
and PtPc, respectively. A multilayer phase, which does
not exhibit a LEED pattern, is prepared by sublimating
PtPc more than ten times longer than the sublimation
time necessary to obtain the ordered monolayer phase.
The pressure in the preparation chamber did not exceed
1× 10−8 mbar during sublimation.
After the layer was prepared, its long range order was
checked by LEED. Vibrational features were recorded
with a primary electron beam energy of 6.3 eV in both
specular and off-specular geometries. The incoming
beam is directed to the sample with an angle of 45◦ with
respect to surface normal. In the specular (off-specular)
geometry the electrons are detected at an angle of 45◦
(60◦) with respect to the surface normal. The energy
resolution, estimated from the full width at half max-
imum (FWHM) of the elastic peak, is in the range of
16 − 22 cm−1 (2 − 2.7 meV). In order to interpret the
complex vibrational spectra, we performed theoretical
calculations of isolated PtPc and PdPc molecules using
Gaussian26. The DFT calculations of their electronic
structure and of their vibrational eigenfrequencies were
carried out using the LanL2DZ basis set and the B3LYP
functional. The theoretical vibration energies were com-
pressed by a factor 0.945627,28.
III. PLATINUM-PHTHALOCYANINE ON
AG(111)
A. Long range order
PtPc molecules form ordered two-dimensional struc-
tures on the Ag(111) surface. Like for most of the MPc
molecules, two diffuse rings are detected at room temper-
ature in LEED at low coverage after annealing a thick
layer up to 730 K (see Ref. 29). This two-dimensional
disordered phase has already been observed in the case
of, for example, CuPc on Ag(111) and Au(111)24,30,31.
Stadler et al. interpreted the presence of this two-
dimensional gas phase at low coverage as the result of an
intermolecular repulsion32. As the density of the PtPc
molecules on the surface increases, diffraction spots are
detected in LEED at room temperature (ordered phase).
According to high resolution structural measurements for
CuPc, the unit cell formed by the CuPc molecules de-
creases continuously in size as the coverage is increased.
Our LEED measurements indicate a similar behavior for
PtPc on Ag(111).
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Figure 1. (a) The experimental specular HREELS spectrum of the PtPc multilayer on Ag(111) and (b) the calculated spectrum
of the isolated molecule are shown. The calculated vibrational frequencies of the out-of-plane A2u and in-plane Eu IR active
modes are displayed in blue and red, respectively. The representation of the atomic displacement of the c mode and g mode is
shown in (c) and (d), respectively.
B. Vibrational properties of the multilayer and
mode assignment
PtPc has 3N − 6 = 165 distinct vibrational modes
(N = 57 is the number of atoms in the molecule). Its
symmetry group is D4h, its vibrational representation is
Γ = 14A1g + 13A2g + 14B1g + 14B2g + 26Eg + 56Eu +
8A2u + 6A1u + 7B1u + 7B2u. Modes transforming accord-
ing to the irreducible representations A2u and Eu are IR
active modes, i.e., the motion of the atoms produces a
dynamic dipole moment ~µdyn. Depending on the direc-
tion of ~µdyn, the IR active modes can be classified as
in-plane modes, in which ~µdyn lies in the molecular xy-
plane (Eu(x, y) modes), and as out-of-plane modes, in
which ~µdyn is oriented perpendicular to the molecular
plane along the z-direction (A2u(z) modes). The A1g,
Eg, B1g and B2g modes are Raman (R) active modes,
i.e., the atomic vibration induces a change of the molec-
ular polarizability.
In this work we are interested in IR active modes, be-
cause HREELS is sensitive to the dynamic dipole mo-
ment ~µdyn. According to the surface selection rule
25,
modes for which ~µdyn is oriented perpendicular to the
surface are excited in the dipole scattering mechanism
4Modes Multilayer Ordered monolayer DFT Symmetry Description
a 145 145 136 A2u OP bend: Molecule
R1 - 255 - - -
b 310 - 301 A2u OP bend: Molecule
c 380 350 382 A2u OP bend: N atoms
d 430 430 434 A2u OP bend: N + C atoms
e 505 - 490 Eu IP sciss: N + C atoms
R2 - 565 - - -
f 575 - 574 Eu IP deform: Molecule
R3 - 655 - - -
g 730 715 738 A2u OP bend: Main ring
h 765 765 770 A2u OP bend: N atoms + Phenyl groups
i 880 - 869 Eu IP deform: Molecule
j 925 - 956 A2u OP bend: Phenyl groups
k 1075− 1200 - 1031− 1159 Eu IP deform/stretch: Molecule
F1 - 1075− 1200 - - -
l 1285− 1375 - 1260− 1323 Eu IP rock/stretch: N atoms + Phenyl groups
F2 - 1285− 1375 - - -
m 1410− 1530 - 1376− 1465 Eu IP stretch: Main ring
F3 - 1410− 1530 - - -
n 1585− 1640 - 1546− 1574 Eu IP stretch: Phenyl groups
o 3010− 3030 - 3025− 3064 Eu IP stretch: H atoms
Table I. List of the experimental vibrational modes present in the PtPc multilayer and ordered monolayer phase specular spectra
on Ag(111) accompanied by their description and symmetries. The theoretical frequencies are compressed by a factor 0.9456.
The acronyms stand for: OP=out-of-plane, IP=in-plane; bend=bending mode, deform=deformation mode, sciss=scissoring
mode, stretch=stretching mode, rock=rocking mode. All values are given in cm−1.
(specular geometry), whereas modes having a dynamic
dipole oriented parallel to the surface are suppressed,
because the ~µ∗dyn produced by the image charges in the
substrate is anti-parallel to ~µdyn, leading to a cancella-
tion of the two. In the language of group theory, the
surface selection rule states that only totally symmetric
modes (A1, A
′ and A representations) of the molecule-
substrate complex may be visible in HREELS. In con-
trast, all modes can be excited in the impact scattering
regime (off-specular geometry). The appearance and/or
disappearance of specific modes in the HREELS spec-
trum, depending on the measurement geometry, give im-
portant information on the symmetry of the molecule-
substrate complex. Therefore, an accurate assignment of
the vibrational features is necessary.
The assignment is carried out by comparing the ex-
perimental peaks in the spectrum of a multilayer with
calculated frequencies of the isolated PtPc molecule. In
the multilayer, the effect of the substrate is reduced and
thus the spectral properties are expected to be similar
to the isolated molecule. Fig. 1(a) shows the experimen-
tal spectrum of a PtPc multilayer on Ag(111), acquired
in specular geometry, in comparison with the calculated
spectrum of the isolated PtPc molecule (Fig. 1(b)). The
calculated spectrum contains a gaussian broadening of
20 cm−1, similar to the experimentally observed one, and
is composed of A2u (blue lines) and Eu (red lines) modes
only, because these are the sole IR active vibrations. We
note that all experimental features can be identified in
good agreement with theory. A simplified description of
the modes is given in Tab. I (see Ref. 29 for details). The
spectrum is dominated by the A2u modes, with dynamic
dipole moments perpendicular to the molecular plane,
such as the strongest vibrations a at 145 cm−1 (out-of-
plane bending of the whole molecule except Pt) and g at
730 cm−1 (out-of-plane bending of the central ring of al-
ternating C and N atoms around the metal porphyrazin
macrocycle together with the H atoms, Fig. 1(d)). Com-
pared to experiment, the theoretical Eu mode intensities
appear reduced, suggesting a predominantly flat adsorp-
tion orientation of the molecules in the multilayer. How-
ever, the intensity ratio of the in-plane modes (Eu) and
out-of-plane modes (A2u) is conserved in the off-specular
spectrum (not shown). This can be caused by a residual
contribution of the dipole scattering in the off-specular
geometry due to, e.g., surface roughness.
C. Vibrational Properties of the ordered
monolayer phase and molecular symmetry reduction
The vibrational properties of the ordered monolayer
phase are discussed in comparison with those of the mul-
tilayer. Fig. 2(a) shows specular HREELS spectra of the
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Figure 2. (a) The comparison of the specular HREELS spectra of the PtPc ordered monolayer phase and multilayer on Ag(111).
The simulated vibrational modes of the isolated molecule are indicated as color bars. Note that the vibrational properties of
the ordered monolayer phase do not change with the coverage. (b) The calculated charge density of the two degenerate LUMOs
of isolated PtPc. (c) Representation of the Raman mode of B1g symmetry at 1509 cm
−1 (marked with * in panel (a)) that is
used to the fit the Fano peak F3 at approximately 1500 cm−1 (see text).
ordered monolayer phase and the multilayer. In the or-
dered monolayer, most of the Eu in-plane modes are ab-
sent, especially between 1000 and 1600 cm−1. But in this
range three asymmetric peaks (F1, F2 and F3) are de-
tected. Their origin will be discussed later. The absence
of the in-plane vibrations indicates that the surface se-
lection rule strongly attenuates the in-plane Eu modes in
comparison to the out-of-plane A2u modes. We conclude
that the molecules in the monolayer are oriented strictly
parallel to the Ag surface.
1. Out-of-plane A2u modes
Like in the multilayer, all of the out-of-plane A2u
modes are detected in the spectrum of the ordered mono-
layer phase. However, in the latter the c and g modes
are shifted to lower wavenumbers. The shift of the c
mode (' 30 cm−1) is larger than that of the g mode
(' 15 cm−1). The c mode is associated with the out-
of-plane bending of the aza bridge N atoms against the
pyrrole N atoms (Fig. 1(c)), while in the g mode all N
atoms move in-phase against the C atoms in the por-
phyrazin macrocycle and the H atoms in the phenyl
groups (Fig. 1(d)). We assign the sizable shifts of these
two modes to the molecule-substrate interaction. In con-
trast to FePc and CoPc on Ag(111)33,34, for which the
central metal forms a covalent bond with the substrate,
the molecule-substrate interaction in PtPc takes place
through the porphyrazin macrocycle, because neither the
c nor the g modes, which are the ones that are most
strongly influenced by the substrate, involve the central
metal atom, unlike the a mode for example, which in-
volves the metal atom but does not show an appreciable
shift. This observation is in agreement with the general
trend of a reduced metal participation in the molecule-
substrate bond as the number of d-electrons increases4.
The observation that the shift of c is larger than that of
g, in conjunction with the fact that the c mode displace-
ment is due to the N atoms only while in the g mode the
displacements of N atoms are relatively small, suggests
that most of the interaction between the molecule and
6D4h C4v C2v(σv) C2v(σd)
Eu(x, y) E(x, y) B1(x) + B2(y) B1(x) + B2(y)
A1g A1(z) A1(z) A1(z)
Eg E(x, y) B1(x) + B2(y) B1(x) + B2(y)
B2g B2 A2 A1(z)
B1g B1 A1(z) A2
Table II. Correlation tables of the D4h symmetry group lim-
ited to the possible modes assignment of the R and F modes.
The notation (x, y) and (z) define the in-plane and out-of-
plane character of the representation. The other representa-
tions are not IR active.
Mode Symmetry
R1 A1g/Eu(x, y)/Eg
R2 A1g/Eu(x, y)/B1g
R3 A1g/B2g
F1 A1g/Eu(x, y)/B1g
F2 A1g/Eu(x, y)/B1g/B2g
F3 B1g
Table III. Possible assignments of the R and F modes ob-
served in the ordered monolayer phase of PtPc on Ag(111).
The F modes assignments are based on the fit results pre-
sented in Ref. 29.
the Ag substrate occurs via the N atoms.
2. Raman modes
Another noteworthy difference between the vibrational
properties of the ordered monolayer phase and the mul-
tilayer is the appearance of new modes labeled R1, R2
and R3 in Fig. 2(a). Based on their frequencies, the R1
peak at 255 cm−1 can be interpreted either as a Eu, A1g
or as a Eg mode, while the R2 peak at 565 cm
−1 may
be attributed to either a Eu, A1g or a B1g mode. Finally,
the R3 peak at 655 cm−1 can either be ascribed to a A1g
or a B2g mode. The possible assignments are summa-
rized in Tab. III. Ruling out the Eu modes, because as
in-plane IR modes they should be screened by the metal
surface, only the A1g, Eg, B1g and B2g modes remain as
possible assignments. However, they are R active modes
and as such not expected to contribute to the spectrum
of an isolated molecule. But they can be activated if the
molecular symmetry is reduced. Thus, a symmetry re-
duction of the molecule in contact with the surface must
be considered.
When a PtPc molecule adsorbs with its plane par-
allel to the surface, its molecular symmetry is reduced
from the original D4h group. Specifically, at least the in-
surface-plane (x, y) mirror symmetry is broken. A PtPc
molecule lacking its (x, y)-plane symmetry belongs to the
C4v group. However, further symmetry reductions are
possible, e.g., to the C2v group, if the fourfold symmetry
of the molecule is broken. With the help of so-called cor-
relation tables it is possible to deduce how the modes
(representations) of the isolated molecule (D4h) relate
to the ones of the molecule-substrate system of reduced
symmetry (C4v or lower)
25. An adaptation of the corre-
lation tables of the D4h group from Ref. 25, considering
the observed R modes (and the F modes), is given in
Tab. II.
In principle, there is a chance that the observation of
the R modes allows us to deduce the symmetry of the
molecule-substrate complex. For example, a B2g mode
would become activated for HREELS dipole scattering
only if the D4h symmetry was reduced to C2v(σd) upon
adsorption (Tab. II). Hence, we must look for a single
reduced symmetry group in which the vibrational modes
of the free molecule which we assign to R1, R2 and R3
map onto a totally symmetric representation (A1, A
′ or
A). However, since it is a possibility that R1, R2 and
R3 could all originate from A1g modes (see Tab. III), all
three would in this case be visible in dipole scattering
HREELS irrespective of the symmetry of the molecule-
substrate complex (C4v, C2v(σv) or C2v(σd)). Hence, it is
not possible to conclude on the basis of R1, R2 and R3
alone whether PtPc preserves its fourfold symmetry upon
adsorption (C4v) or lowers its symmetry to a twofold one
(C2v(σv)/C2v(σd)).
3. Asymmetric peaks
In order to identify the symmetry of the PtPc molecule
on the Ag surface, we now turn to the analysis of the
F modes. Between 1000 and 1600 cm−1, where the Eu
modes are excited in the multilayer spectrum (Fig. 1(a)),
three asymmetric features, labeled F1, F2 and F3 in
Fig. 2(a), are visible in the spectrum of the ordered
monolayer. Asymmetric line shapes of Fano type are well
known for molecular and atomic adsorbates on metallic
surfaces in the presence of an IDCT35–42. A prerequi-
site for the occurrence of IDCT is the partial filling of
an orbital that couples to a molecular vibration. Then,
as the vibration is excited, the associated distortion of
the molecule along the vibrational coordinate modulates
the orbital energy periodically, leading to an oscillatory
charge flow between the molecule and the substrate that
is effectively pumped by the vibration. In the presence
of IDCT, the dynamical dipole moment µdyn of the vi-
bration is the sum of the ionic and the electronic con-
tributions, µion and µIDCT. If the dynamic electron
transfer between the orbital and the substrate, yielding
µIDCT, is not in phase with the ion movement, leading to
µion, i.e. if the Born-Oppenheimer approximation breaks
down, µdyn acquires an imaginary part (µdyn = µ1+iµ2).
This leads to a damping of the adsorbate vibration and
yields an asymmetric Fano line shape. By introducing
the asymmetry parameter ω0τ = µ2/µ1 the resulting line
shape can be expressed as43–45
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Figure 3. (a) Zoom of the ordered monolayer phase spec-
trum of PtPc on Ag(111) showing the asymmetric peaks F1,
F2 and F3 together with the theoretical vibrational modes
(vertical bars). Each peak has been fitted using all the the-
oretical vibrations visible in panel (a), and all the ω0 values
which give reasonable fits of F1, F2 and F3 are shown with
dotted lines. An example of bad fit of F3 is shown in panel
(a) using ω0 = 1481 cm
−1, and the best fit of F3 is shown in
panel (c) using ω0 = 1509 cm
−1. The symmetry (C2v(σv)) of
the PtPc molecule in contact with Ag(111) is depicted in the
inset of (c).
L(ω) = a+ cγωω0
[1− ( τγ )(ω2 − ω20)]2
(ω2 − ω20)2 + (γω)2
, (1)
where a and c are constants, and γ denotes the width
of the Fano profile. ω0 is the vibrational frequency of
a given mode and τ , the asymmetry ratio, is (negative)
positive if µ2 is (anti-) parallel to µ1.
In order to identify which vibrational modes are in-
volved in the IDCT that produces F1, F2 and F3, Eq. 1
is used to fit these features, using values of ω0 that are
determined by DFT calculations of an isolated molecule.
All the calculated ω0 frequencies in the range from 900
to 1800 cm−1 have been tested (Fig. 3(a)). The fits can
be found in the supplement29. The few modes that yield
reasonable fits for F1 and F2 are summarized in Tab. III.
Because both features may possibly be assigned to a A1g
mode, whose representation in the D4h group transforms
into a totally symmetric one in both the C4v or C2v
groups, it is not possible to identify the symmetry of the
molecule-substrate complex by considering these modes.
Interestingly, however, F3 at about 1500 cm−1 can
only be fitted well when using a B1g vibrational mode,
namely the one at ω0 = 1509 cm
−1, see Fig. 3(c). The fit-
ted value of γ (77± 5 cm−1) compares well to the results
for ZnPc/Ag(110) (60 cm−1)38. For comparison, an ex-
ample of a bad fit using an A1g mode (ω0 = 1481 cm
−1)
is also shown in Fig. 3(b). Since the R active B1g mode
of the D4h symmetry group transforms into an IR active
A1 mode only in the C2v(σv) group (Tab. II), we con-
clude that the molecular symmetry must be reduced to
twofold. The full symmetry of the PtPc molecule on the
Ag(111) surface is schematically shown in the inset of
Fig. 3.
However, the mere appearance of the B1g mode in the
spectrum does not yet clarify the origin of the symmetry
reduction D4h → C2v(σv). In principle, it is possible that
because of a geometric distortion of the molecule µion is
tilted out of the surface plane and acquires a perpendicu-
lar contribution. But in this case µdyn would necessarily
remain real, and we would observe a conventional, sym-
metric line shape for F3. This is evidently not the case.
Its Fano line shape shows that µdyn of F3 is complex.
Hence, there must be a phase-shifted electronic contribu-
tion µIDCT to its overall dynamical dipole moment µdyn.
We have already mentioned above that for
PtPc/Ag(111) the LUMO is the most likely part-
ner in IDCT, because it becomes filled upon adsorption
and straddles the Fermi energy. Moreover, a comparison
of the elongation pattern of F3, which predominantly
involves the stretching of the C-N bonds in the por-
phyrazine macrocycle (Fig. 2(c)), with the lobular
structure of the LUMO (Fig. 2(b)) shows that the
ionic motion of F3 should indeed couple well to the
LUMO. Comparing Figs. 2(b) and (c) moreover shows
that exciting F3 with positive amplitude has the same
effect on the B1-LUMO as exciting F3 with negative
amplitude has on the B2-LUMO. Hence, if B1 and B2
8were still degenerate, dynamic filling and depletion of
the two would be 180◦ out of phase (assuming that
the phase lag relative to the ionic movement is the
same for both LUMOs, which is expected to be a
good approximation, in spite of the observed symmetry
breaking, see below). In other words, in one half of
the vibrational oscillation cycle the B1-LUMO would
be filled, while the B2-LUMO would be depleted, and
vice versa in the other half. Overall, no µIDCT would
prevail (small differences between the IDCT in the B1-
and B2-LUMOs notwithstanding).
However, in the experimental spectrum a substantial
µIDCT is observed, as argued above. This can mean two
things. Either the two LUMOs are still degenerate and
their dynamic couplings to the F3 vibration are different,
or the LUMO levels B1 and B2 are indeed split. We con-
sider it unlikely that the static level positions of the LU-
MOs are not affected by symmetry breaking, while their
dynamic couplings to F3 are. Therefore, we conclude
that the B1- and B2-LUMO levels must be split, i.e. the
degeneracy of the PtPc LUMO is lost upon adsorption
on Ag(111). One may speculate that this LUMO split-
ting proceeds via a geometric distortion that is induced
by the environment (the Ag(111) surface), enhanced by
a Jahn-Teller-like internal stabilization of this external
geometric distortion via the splitting of the electronic
LUMO state16,19,20.
IV. PALLADIUM-PHTHALOCYANINE ON
AG(111)
PdPc molecules adsorbed on Ag(111) show similar long
range order as PtPc/Ag(111). A two-dimensional gas
phase is found after annealing the thick layer up to 730K
and an ordered phase is detected in LEED for lower an-
nealing temperatures, that is at higher coverages.
In Fig. 4 the specular HREELS spectrum of the PdPc
ordered monolayer phase is shown together with the sim-
ulated results for the isolated molecule. The assignment
of the experimental vibrational frequencies can be found
in the supplement29. As in the case of PtPc, the in-plane
Eu modes are absent and only the dipole scattering al-
lowed out-of-plane A2u modes of the isolated molecule
are present. This indicates an essentially flat adsorption
geometry. The c, g and h modes are shifted to lower
frequencies by approximately 45, 15 and 15 cm−1 with
respect to theory, respectively. The larger shift of the
c mode for PdPc (45 cm−1) than for PtPc (30 cm−1)
suggests a stronger interaction of PdPc with the Ag(111)
substrate.
The presence of R modes in Fig. 4 suggests that a
reduction of the molecular symmetry upon adsorption.
In addition to the R1, R2 and R3 peaks that are also
observed for PtPc/Ag(111), the PdPc spectrum shows
a peak at 850 cm−1, labeled R4. Possible assignments
of R1, R2, R3 and R4 are listed in Tab. IV. There is
the possibility to assign the R1, R2, R3 and R4 peaks
Mode Symmetry
R1 A1g/Eg
R2 A1g/Eu(x, y)/B1g
R3 A1g/B2g
R4 A1g/Eu(x, y)/B2g/Eg
F1 A1g/Eu(x, y)/B1g
F2 A1g/Eu(x, y)/B1g/B2g
F3 B1g
Table IV. Possible assignments of the R and F modes ob-
served in the ordered monolayer phase of PdPc on Ag(111).
The F modes assignments are based on the fit results.
to modes with a A1g representation (since R4 is very
broad, it is rather difficult to assign it and a designation
as a A1g mode cannot be excluded); they would then be
detectable in HREELS in specular geometry irrespective
of the symmetry group of the molecule-substrate complex
(C2v or C4v), cf. Tab. II.
Three asymmetric peaks (F1, F2 and F3) are observed
between 1000 and 1600 cm−1, which indicates that sev-
eral vibrational modes are involved in an IDCT. Using
Eq. 1, we single out vibrational frequencies given by DFT
calculations for isolated PdPc (ω0) that yield the best
fit of the experimental data as explain in Sec. III C 3.
As in the case of PtPc, several modes yield a reason-
able fit for F1 and F2, while F3 can be fitted only with
ω0 = 1506 cm
−1, a mode which belongs to the B1g repre-
sentation of the D4h symmetry group (see Fig. 5), and a
B1g mode can only be detected in HREELS in the spec-
ular direction if the molecular symmetry is reduced to
C2v(σv) (see Tab. II). As in the case of PtPc, this demon-
strates that a preferential charge transfer occurs into one
of the two LUMOs. Thus, the Ag(111) substrate lifts the
degeneracy of the LUMO also in the case of PdPc.
V. SUMMARY AND CONCLUSION
In conclusion, the vibrational properties of Pt- and Pd-
phthalocyanine molecules on the Ag(111) surface show
that both molecules adsorb with their molecular plane
parallel to the surface in the ordered monolayer phase.
The red shift of some of the out-of-plane modes reflects a
moderate interaction between the meso-tetraazaporphin
(porphyrazin) macrocycle of the molecule and the Ag
substrate. The presence of Raman vibrational modes
proves the lowering of the molecular symmetry from the
D4h group of the isolated molecule upon adsorption on
Ag(111). The asymmetrical line shape of some of the
molecular vibrational modes further demonstrates that
the charge transfer to the molecule is involved in the sym-
metry reduction to C2v(σv). Therefore, this study shows
that HREELS is a valuable tool to determine the origin
of the molecular degeneracy lifting upon adsorption on a
metal surface.
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Figure 4. Specular HREELS spectra of the PdPc ordered monolayer phase on Ag(111). The simulated vibrational modes of
the isolated molecule are shown as colored vertical bars.
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Figure 5. Best fit of F3 using ω0 = 1506 cm
−1, for the
ordered monolayer PdPc phase on Ag(111).
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